Infrared plus vacuum ultraviolet ͑IR/VUV͒ nonresonant photoionization spectroscopy and VUV/IR photodissociation spectroscopy are employed to study fragmentation pathways and structures of neutral and ionic 2-propanol ͑͑CH 3 ͒ 2 CHOH͒ ͑IPA͒ and their relevant clusters of size up to the pentamer. Only the gauche monomer is generated in the supersonic expansion; its VUV induced fragmentation pathways involve C ␣ -C ␤ bond dissociation. The clusters consist of both gauche and trans conformers and their VUV induced fragmentation pathways are size dependent. The IR spectra of neutral clusters ͑IPA͒ n suggest that the dimer has a chainlike structure, whereas larger clusters have cyclic structures. VUV ionization of the neutral gauche 2-propanol generates two parent cation isomers whose C ␣ -C ␤ bond dissociations are facilitated by excitation of the OH vibrations. The IR spectra of ionic molecular complex clusters ͑IPA͒ n−1 ·CH 3 CHOH + and protonated clusters ͑IPA͒ n−1 ·H + , generated by VUV ionization of neutral clusters, show that both cluster types adopt open structures with at least one free OH group. Qualitative structural assignments are generated for the neutral species based on MP2/aug-cc-pVDZ, MP2/6-31G, and B3LYP/ 6-31+ G͑d͒ calculations.
I. INTRODUCTION
Hydrogen bonding structures in gas phase clusters are prototypical models for understanding molecular interactions in condensed phase media. Water clusters ͑H 2 O͒ n and methanol clusters ͑CH 3 OH͒ n have been subjects of considerable attention in this respect, and their structures have been extensively investigated by various experimental and theoretical [24] [25] [26] [27] [28] [29] [30] [31] [32] approaches. A general morphological trend in these clusters is that they undergo structural changes from chainlike to closed or cyclic structures as the cluster size increases; this rearrangement maximizes the number of hydrogen bonds. The extent of hydrogen bonding can be directly investigated by employing infrared ͑IR͒ spectroscopy to detect the OH stretching modes of the relevant clusters. The OH vibration is very susceptible to local perturbations and will show a dramatic energy redshift when the OH group in question is strongly hydrogen bonded to an accepting group, such as an OH group of an adjacent water or alcohol molecule. 7, 9, 22, 33 The individual redshifted OH stretches of sufficiently large clusters 22, [33] [34] [35] [36] eventually merge into one broad profile similar to that observed for a condensed phase. This broad profile is known as an "icelike" feature 34 and represents condensed phase behavior of the clusters. Free OH stretching features in the cluster spectra are indicative of gas phase behavior. Therefore, clusters essentially serve as an important bridge system between condensed and gas phase media.
Protonated hydrogen bonded clusters ͑ROH͒ n−1 ·H + , n Ն 2 ͑R=H, CH 3 , CH 2 CH 3 , etc.͒ are another species of great interest; 12, 21, 22, 32, [36] [37] [38] [39] [40] [41] [42] [43] their structures can accommodate either the Eigen 44 or Zundel 45 type ion. Similar to their neutral analogs, the IR spectra of these ions in the OH stretch region show that large clusters have closed structures dominated by complex hydrogen bonding interactions, whereas smaller clusters adopt chainlike structures. 22, 33, [37] [38] [39] [40] [41] [42] Transformation from chainlike to closed structures for protonated clusters occurs, however, at sizes different from those for neutral species due to the presence of an extra positive charge. 22, 33, 42 While there are different techniques available for generating protonated clusters, a previous study 20 has shown that VUV ionization of ͑ROH͒ n clusters leads to the formation ͑ROH͒ n−1 ·H + clusters with mass spectral intensities that reflect the neutral parent cluster population distribution. VUV soft ionization also produces ionic molecular complex clusters for alcohols larger than methanol. 43 In the present study, we perform infrared plus vacuum ultraviolet ͑IR/VUV͒ nonresonant photoionization spectroscopy for neutral 2-propanol and its clusters ͑IPA͒ n in the size range n =1-5 and VUV/IR photodissociation spectroscopy of ionic 2-propanol ͑IPA͒ and its cluster related species ͓ionic molecular complex clusters ͑IPA͒ n−1 ·CH 3 CHOH + and protonated clusters ͑IPA͒ n−1 ·H + ͔. IPA provides additional complexity to our previously investigated methanol 21, 22 and ethanol 33 cluster series due to the presence of an extra methyl group, the existence of two conformers ͑gauche and trans͒, and various possible isomers that can arise therefrom. Fragmentation pathways of the IPA related species are deduced from time of flight ͑TOF͒ mass spectra, and isomer assignments are made based on the analysis of IR spectra for the CH and OH stretching regions. The experimental data are complemented with ab initio and density functional theory ͑DFT͒ calculations.
II. EXPERIMENTAL PROCEDURES
The experimental apparatus has been described previously in detail. 21, 22, 33 The IPA monomer and its hydrogen bonded clusters are prepared by supersonic expansion of IPA seeded in a Kr/He mixture ͑15%/85%, 40 psi backing pressure͒ using a Jordan Co. valve. The molecular beam is collimated by a 1.5 mm aperture diameter skimmer and is crossed by IR and VUV beams in the photointeraction region of the TOF mass spectrometer ͑TOFMS͒. The vertical ionization energy ͑VIE͒ of an IPA molecule is 10.44 eV, 46 which is slightly less than the ionizing VUV photon energy employed in this study.
The VUV radiation ͓118 nm, ninth harmonic of Nd:YAG ͑yttrium aluminum garnet͒ fundamental, 10.49 eV, ϳ1 J / pulse, with the conversion efficiency of ϳ1.2 ϫ 10 −5 ͑Ref. 20͔͒ is generated by exciting Xe in a Xe/Ar mixture ͑1:10, ϳ200 Torr͒ with the third harmonic ͑355 nm, ϳ30 mJ/ pulse͒ of the fundamental beam. Tunable IR radiation ͑3-5 mJ/pulse in the 2800-3800 cm −1 range with a bandwidth of ϳ2 cm −1 ͒ is generated from an optical parametric oscillator/optical parametric amplifier ͑OPO/OPA͒ system ͑LaserVision͒ pumped by the Nd:YAG fundamental and counterpropagates with respect to the VUV beam. Both the VUV and IR laser beams are perpendicular to the molecular beam and to the ion flight path of the TOFMS.
In order to obtain IR spectra of neutral species, the IR beam is timed to precede the VUV beam by approximately 70 ns. Neutral molecule and cluster fragmentations can be observed as changes in mass spectral intensities of the VUV ionization products when the IR energy is in resonance with their vibrational modes. In particular, vibrational excitation of a neutral molecule changes its VUV induced fragmentation efficiencies, and vibrational excitation of a neutral cluster decreases its population through photofragmentation into smaller sized cluster mass channels, which results in increased populations for the latter. This also influences the IR spectra. Such fragmentation from a larger to a smaller cluster upon IR absorption would be detected as a positive rather than negative contribution to the detected IR spectrum in the lower mass channel. The IR beam is delayed by approximately 20 ns with respect to the VUV beam to acquire IR spectra of ionic species. Similar to the case of neutral species, fragmentation from a larger to a smaller ionic cluster due to IR absorption would be detected as a positive contribution to the IR spectrum of the smaller cluster.
Each spectrum is an accumulation of multiple scans. The IR beam path is purged with N 2 gas to minimize ambient atmospheric IR absorption.
III. COMPUTATIONAL METHODS
All calculations are performed using the GAUSSIAN 03 ͑Ref. 47͒ program on Colorado State University's ChemCluster and on the TeraGrid 48 supercomputer system. Geometry optimizations and harmonic vibrational energy calculations of the neutral and ionic IPA monomers are carried out at the MP2/aug-cc-pVDZ level, and transition states are calculated using the QST3 method. Geometry optimizations and harmonic vibrational energy calculations for neutral dimer isomers are also carried out at the same level of theory and basis set. The reported MP2/aug-cc-pVDZ energies are zero point corrected and the vibrational energies are scaled by 0.9593, which is the ratio of experimental 49 and theoretical methanol free OH stretches.
Geometry optimizations of the neutral IPA monomer, dimer, trimer, and tetramer structures for relative energy comparison are carried out at the B3LYP/ 6-31+ G͑d͒ level. Tetramer structures are initially obtained from MP2/6-31G calculations, and the lowest energy structure in each isomer type is reoptimized at the B3LYP/ 6-31+ G͑d͒ level. Basis set superposition errors are corrected by counterpoise calculations, and no zero point corrections are applied.
IV. RESULTS AND DISCUSSION
IPA has two stable conformers: gauche and trans ͑Fig. 1͒. The difference between the two is that in the gauche
.,/0123, 45,678 9,-: conformation, the dihedral angle between the OH hydrogen and C ␣ H hydrogen is 64°, whereas this angle is 180°in the trans conformation. These conformers are very close in energy; the calculated potential barrier between the two is 0.044 eV. A vibrational spectroscopic study of IPA in a gas cell 50 has shown that both isomers coexist in the gas phase; in a supersonic expansion, 35 all IPA molecules are quenched to the global minimum gauche conformer. As will be shown through the analysis of the IR spectra, only the gauche IPA conformer is observed in the current study. Figure 2 shows a TOF mass spectrum of the VUV ionized IPA monomer and its clusters. The mass of a single IPA molecule is 60 amu, so the ions at the m / z = 44, 45, and 60 amu mass channels are VUV ionization products derived from ͑perhaps not exclusively͒ the IPA monomer. The m / z = 44 and 45 amu ions are from the losses of CH 4 ͑16 amu͒ and CH 3 · ͑15 amu͒, respectively, from the monomer as a result of C ␣ -C ␤ bond dissociation. The m / z = 60 amu ion is the parent IPA cation. The loss of CH 4 involves hydrogen transfer from the C ␣ H group to the dissociating CH 3 · group. The 0.05 eV excess energy in the system after VUV ionization is removed from the system in the form of photoelectron kinetic energy, and the excess vibrational energy ͓vertical ionization energy minus adiabatic ionization energy ͑VIE− AIE͔͒ leads to the hydrogen transfer and/or C ␣ -C ␤ bond dissociation as the FranckCondon cation evolves to the adiabatic state. Theoretical investigations ͑Fig. 3͒ of the two fragmentation channels indicate that the loss of CH 3 · is, in fact, a barrierless reaction, while the hydrogen transfer involved in the loss of CH 4 has a barrier of 0.031 eV. This small barrier can be easily overcome during the rearrangement of the Franck-Condon cation to the adiabatic cation following VUV ionization. In both instances, the relatively large energy difference between the Franck-Condon and adiabatic cations can drive the C ␣ -C ␤ bond dissociation.
Cations that are associated with IPA clusters are also observed in the mass spectrum ͑Fig. 2͒. There are two series of VUV ionization products of the clusters in the mass spectrum: ͑͑CH 3 ͒ 2 CHOH͒ n−1 ·CH 3 CHOH + , n = 2 and 3 ͑ions at m / z = 105 and 165 amu͒, and ͑͑CH 3 ͒ 2 CHOH͒ n−1 ·H + , n =3-5 ͑ions at m / z = 121, 181, and 241 amu͒. The ionic molecular complex clusters ͑͑CH 3 ͒ 2 CHOH͒ n−1 ·CH 3 CHOH + are the C ␣ -C ␤ bond dissociation products generated according to the reaction 
in which proton transfer and bond dissociation occur as the Franck-Condon cation evolves to the adiabatic state. Reaction ͑1͒ is observed for n = 2 and 3 clusters, and reaction ͑2͒ is observed for n =3-5 clusters. While the cations generated in the two above reactions may also be fragmentation products of ͑͑CH 3 ͒ 2 CHOH͒ n+1 , etc., clusters, our previous study 21 of methanol clusters shows that the population of clusters that undergo more than one monomer evaporation following VUV ionization is insignificant ͓less than 8% for ͑CH 3 OH͒ n clusters in the size range of 3 Յ n Յ 8͔. Both reactions occur for the trimer, as indicated by the presence of ions at the m / z = 121 and 165 amu mass channels. Their similar mass spectral intensities ͑1:0.93͒ imply that either the potential barrier heights associated with these reactions in the trimer are similar or that different cluster isomer types are generated in the molecular beam, with each type fragmenting into a different ion channel. As will be shown later, the latter possibility is in agreement with the trimer IR spectra. Only the protonated species are observed for larger clusters ͑m / z = 181 and 241 amu͒ because either the potential barrier in reaction ͑1͒ increases or the proton affinity of the ͑IPA͒ n−1 core increases with the increasing cluster size n. A similar trend is observed in previous studies of ethanol, 33 1-propanol, 43 butanol isomers, 51 acetic acid, 52 and propanoic acid, 53 in which small sized clusters primarily undergo the C ␣ -C ␤ bond dissociation, while larger ones favor the proton transfer/fragmentation reaction ͑2͒. Figure 4 shows the mass spectra of VUV ionized IPA monomer products, with and without the presence of IR photons. Absorption of an IR photon by an IPA molecule at the free OH vibrational energy level ͑3656 cm −1 ͒ results in a decrease in the intensities of the m / z = 44 and 60 amu ion signals and an increase in the m / z = 45 amu ion signal. Since IPA molecules in clusters are expected to be bound together by hydrogen bonding, their OH stretches are redshifted below 3656 cm −1 and so the mass spectral intensity changes observed in Fig. 4 are not associated with absorption of IR photons by clusters. The monomer acquires an internal energy of 0.45 eV ͑3656 cm −1 ͒ as a result of the OH stretch excitation, and this extra energy facilitates the C ␣ -C ␤ bond dissociation when a VUV photon ionizes the monomer. Thus, the parent ion at m / z = 60 amu loses intensity, while the m / z = 45 amu ion gains intensity. On the other hand, the m / z = 44 amu ion intensity decreases under this condition most likely because the extra vibrational energy in the molecule enhances the direct C ␣ -C ␤ bond breaking reaction at the expense of the parent ion and the hydrogen transfer/loss of CH 4 Table I . In Figs. 5͑a͒-5͑c͒, the sharp intense peaks at 3656 cm −1 correspond to the free OH stretch, and broad transitions in the 3200-3440 cm −1 region are OH stretching modes of clusters fragmenting into these mass channels. The IR radiation in the latter region excites hydrogen bonded OH stretches of the clusters that result in the loss of one ͑or more͒ IPA molecule͑s͒ via intermolecular vibrational redistribution ͑IVR͒ and cluster vibrational predissociation. The CH stretch region is congested due to contributions from both monomer and clusters, as evidenced by the presence of both dips and enhancements in the 2860-3000 cm −1 region. Similar to the observations involving the free OH stretch at 3656 cm −1 , the dips in the CH region detected in the m / z = 44 and 60 amu mass channels and the increase in the m / z = 45 amu mass channel are related to the populations of the various reaction channels with increased energy in the parent ion. Comparison of our IR spectra and those from previous gas phase studies 35, 50 shows that only the gauche monomer is generated in the current study. Also, the scaled harmonic OH stretch energy ͑3657 cm −1 ͒ of the gauche monomer is in nearly perfect agreement with the value ͑3656 cm −1 ͒ from the IR spectrum, and that ͑3639 cm −1 ͒ of the trans monomer is in excellent agreement with the previously reported value ͑3637 cm −1 ͒ ͑Ref. 50͒ from a gas cell study as well. Figure 6 shows IR spectra of IPA clusters ͑͑CH 3 ͒ 2 CHOH͒ n in the size range of n =2-5. The spectra are obtained by monitoring the fragment ion channels ͑͑CH 3 ͒ 2 CHOH͒ n−1 ·CH 3 CHOH + for n = 2 and 3 and ͑͑CH 3 ͒ 2 CHOH͒ n−1 ·H + for n =3-5 while scanning the IR laser in the 2800-3800 cm −1 range. The broad transitions that appear as dips indicate parent cluster fragmentation; these features gradually redshift with increasing cluster size. The small intensity enhancements just red of the dips indicate that larger clusters are fragmenting into these smaller cluster mass channels. The IR spectrum of the dimer ͓Fig. 6͑a͔͒ shows dips at 3517, 3544 ͑indicated by the red and green arrows, respectively͒, and 3645 cm −1 , which correspond to the OH stretches in different environments. The dips result from photofragmentation of the dimer through the loss of one IPA molecule mediated by IVR. These peaks also appear as a weak broad transition near 3520 cm −1 in the monomer IR spectra ͓Figs. 5͑a͒-5͑c͔͒. The dimer peak at 3645 cm −1 is redshifted from the free OH stretch of the gauche monomer by 11 cm −1 , and this small redshift implies that this transition corresponds to the hydrogen bond accepting free OH stretch. 6, 24 Since 3645 cm −1 is above the free OH stretch energy of a trans monomer, which is at 3637 cm −1 ͑Ref. 50͒, the hydrogen bond accepting IPA in the dimer has a gauche conformation. The CH vibrations of the dimer are observed near 2975 cm −1 in Fig. 6͑a͒ . The two partially resolved transitions at 3517 and 3544 cm −1 are redshifted by 120 and 112 cm −1 from the free OH stretches of trans-and gauche-IPA monomers, respectively ͑3637 and 3656 cm −1 ͒; these features must therefore result from the hydrogen bonded ͑i.e., hydrogen bond donating͒ OH stretches of both conformers. Assuming that perturbations caused for the OH groups of both monomer types by hydrogen bonding are similar ͑since they are in similar environments͒, the 3517 cm −1 feature can be assigned to the OH stretch of hydrogen bond donating trans-IPA, and the 3544 cm −1 feature is the OH stretch of hydrogen bond donating gauche-IPA. MP2/aug-cc-pVDZ harmonic vibrational energy calculations also support these assignments ͑Table I͒. The calculations show that in the case of ͑gauche-IPA͒ · ͑gauche-IPA͒ and ͑trans-IPA͒ · ͑gauche-IPA͒, the OH vibrational energies of hydrogen bond accepting gauche-IPA are at 3641 and 3640 cm −1 , respectively, which are in excellent agreement with the experimental value of 3645 cm −1 . The OH vibrational energies of hydrogen bond donating gauche-and trans-IPA in these clusters are predicted at 3483 and 3462 cm −1 , respectively, which are redshifted by 174 and 177 cm −1 from their respective calculated free OH stretches. Also note that the peak spacing between the two predicted transitions is 21 cm −1 , which is in very good agreement with Fig. 7 , the ͑gauche-IPA͒ · ͑gauche-IPA͒ and ͑trans-IPA͒ · ͑gauche-IPA͒ isomers ͓Figs. 7͑a͒ and 7͑d͔͒ are generated with the highest concentration under the current conditions. The gauche conformer is accepting a hydrogen bond in both cases. This type of a single hydrogen bond donor-hydrogen bond acceptor structure has also been observed in water, 1-6 methanol, 15, 22 and ethanol 33 dimer clusters. While dimer isomers with the gauche conformer as the hydrogen bond acceptor are identified by the IR spectrum, those with the trans conformer as the hydrogen bond acceptor are not observed. Assuming that a free OH group that accepts a hydrogen bond will undergo an approximately 11 cm −1 redshift in its OH stretch energy, as observed for the ͑gauche-IPA͒ · ͑gauche-IPA͒ and ͑trans-IPA͒ · ͑gauche-IPA͒ isomers, the absence of a transition near 3626 cm −1 indicates that dimer isomers with a trans hydrogen bond acceptor ͓the ͑gauche -IPA͒ · ͑trans-IPA͒ and ͑trans-IPA͒ · ͑trans-IPA͒ isomers͔ are not generated in the expansion. According to DFT calculations ͑Table II͒, the observed ͑gauche-IPA͒ · ͑gauche-IPA͒ and ͑trans-IPA͒ · ͑gauche-IPA͒ isomers are the most and the least stable, respectively, while ͑gauche-IPA͒ · ͑trans-IPA͒ and ͑trans-IPA͒ · ͑trans-IPA͒ are more stable than the ͑trans-IPA͒ · ͑gauche-IPA͒ isomer. One possible reason for the absence of the ͑gauche-IPA͒ · ͑trans-IPA͒ isomer is that its formation pathway is not kinetically or dynamically favorable during the cooling process in the expansion. Genera- tion of the ͑trans-IPA͒ · ͑trans-IPA͒ isomer may also be hindered for a similar reason, but another possibility is the very low concentration of the trans monomers in the beam, as it is not identified in the IPA monomer IR spectra. The broad enhancement centered near 3414 cm −1 in the dimer IR spectrum ͓Fig. 6͑a͔͒ originates mostly from the trimer and possibly from the tetramer. The successive loss of monomers from the tetramer would arise through multiphoton absorption near 3350 cm −1 . As mentioned above, the trimer has two VUV induced fragmentation pathways, which result in the m / z = 121 and 165 amu ions ͑Fig. 2͒. A broad, redshifted dip, approximately 200 cm −1 from the IPA monomer free OH stretch, dominates each trimer IR spectrum ͓Figs. 6͑b͒ and 6͑c͔͒. Thus the trimer has a cyclic structure with all OH groups involved in hydrogen bonding. This is also evidenced by the apparent absence of a free OH stretch feature in each spectrum. The trimer IR spectra show that the hydrogen bonded OH stretches of this species, which are observed in the two VUV ionization channels, occur at different IR photon energies ͑3482 cm −1 in the m / z = 121 amu mass channel and 3431 cm −1 in the m / z = 165 amu mass channel͒. If the trimer cluster consists of only one isomer type, the OH stretch features should appear at similar IR photon energies regardless of the fragmentation channel. This OH stretch energy difference indicates that different trimer isomers exist in the beam. Since a cyclic geometry is the only possible trimer structure with all OH groups participating in hydrogen bonding ͑i.e., hydrogen bond accepting and donating simultaneously͒, the isomer difference must arise from different combinations of gauche and trans monomer conformations. Figure 8 shows four possible cyclic trimer isomers:
A. IR/VUV photoionization spectroscopy of neutral IPA monomer and clusters
͑gauche-IPA͒ · ͑gauche-IPA͒ · ͑gauche-IPA͒, ͑gauche-IPA͒ · ͑gauche-IPA͒ · ͑trans-IPA͒, ͑gauche-IPA͒ · ͑trans-IPA͒ · ͑trans-IPA͒, and ͑trans-IPA͒ · ͑trans-IPA͒ · ͑trans-IPA͒. While an unambiguous, specific isomer assignment is not possible based on the current data alone due to the intrinsically broad hydrogen bonded OH stretch transitions, one can infer from the IR spectra that trimer isomers that fragment into the m / z = 121 amu mass channel contain a greater number of gauche conformers than those that fragment into the m / z = 165 amu mass channel. As for the case of the dimer, this assignment is also based on the fact that the hydrogen bonded OH stretch of a gauche monomer occurs at higher energy than that of a trans monomer.
DFT calculations ͑Table II͒ predict that isomers with more gauche conformers are more stable, with the cyclic ͑gauche-IPA͒ · ͑gauche-IPA͒ · ͑gauche-IPA͒ being the most stable isomer. The significance of this result is that the VUV induced cluster fragmentation pathway is isomer dependent. This is a cluster analog of isomer specific fragmentation behavior of neutral molecules observed in our previous study 54 of aliphatic amino acids. Moreover, enhancements observed in the two trimer IR spectra ͓Figs. 6͑b͒ and 6͑c͔͒ also occur at different photon energies, centered near 3326 and 3253 cm −1 for the m / z = 121 and 165 amu mass channels, respectively. Both of these features partially overlap with the pentamer IR spectrum ͓Fig. 6͑e͔͒. Thus, larger clusters ͑n Ն 5͒ may absorb more than one IR photon to undergo successive IPA monomer losses and eventually fragment into trimer related mass channels. Fragmentation pathways can thus be conformer selective, such that one cluster isomer group fragments to trimer isomers dominated by gauche conformers, while another group fragments to trimer isomers dominated by trans conformers.
IR spectra of the tetramer and pentamer ͓Figs. 6͑d͒ and 6͑e͔͒ show a broad transition in a typical region for hydrogen bonded OH stretches. The spectra in this region are highly reminiscent of a liquid IPA IR spectrum, 35 and no free OH stretches are observed for these clusters. The absence of free OH stretches and the broadness of the hydrogen bonded OH transitions indicate that larger sized clusters are dominated by hydrogen bonding networks and the presence of several isomers.
Based on our DFT calculations and previous reports on other alcohol clusters, 18, 32 two general types of IPA tetramer isomers can be identified: A cyclic form in which each of the four IPA molecules accepts and donates a hydrogen bond; and a 3 + 1 form in which an IPA molecule is hydrogen bonded to one of the molecules in a cyclic trimer. According to this scheme, at least 30 possible tetramer isomer geometries can be identified due to various possible combinations of the gauche/trans conformers and the three possible hydrogen bond accepting sites in the trimer structure. The relative energy value of the most stable structure in each isomer type is listed in Table II . Six of the structures are cyclic and eight are of the 3 + 1 form. Although both types of structures are 
by counterpoise calculations. g = gauche and t = trans. X · Y means X is hydrogen bonded to Y.
qualitatively consistent with the IR spectrum because neither has a free OH band and hydrogen bonds dominate the structures, the spectrum is most likely from cyclic tetramer isomers only. The reason to suggest this is that in the 3 + 1 structures, the IPA molecule hydrogen bonded to one of the molecules in the cyclic trimer is in a single hydrogen bond donating configuration, which should result in an extra feature that is only slightly redshifted from the free OH stretch, as observed for the dimer. Since the broad tetramer transition in Fig. 6͑d͒ is redshifted by nearly 330 cm −1 from the IPA monomer OH stretch, this feature is most probably from cyclic tetramer isomers only. Also, cyclic structures are on average 0.272 eV more stable than 3 + 1 structures ͑Table II͒, and cyclic structures with a greater number of the gauche conformers are more stable than those with more trans conformers. A theoretical investigation 31 of other alcohol systems also predicts cyclic forms to be more stable due to enhanced hydrogen bond cooperativity. The tetramer spectrum shows a small enhancement near 3200 cm −1 , suggesting that larger clusters ͑n Ն 6͒ in the molecular beam can fragment into the tetramer mass channel.
We have not carried out theoretical structural analysis for pentamer isomers, but based on previous gas phase studies 15, 18, 22, [30] [31] [32] [33] of other alcohol clusters, they will also most likely have five membered cyclic structures. The loss of one or more IPA molecules from the clusters is reflected in the monomer IR spectrum in the 3200-3440 cm −1 range as a broad unresolved transition.
Partially resolved CH stretches of IPA clusters are observed near 2975 cm −1 . Their peak positions do not change significantly with increasing cluster size; thus the CH and CH 3 groups are not involved in hydrogen bonding interactions. With the exception of trimer isomers that yield the m / z = 121 amu ion, all clusters display an ion dip near this photon energy. The dimer isomers ͑m / z = 105 amu͒ and the trimer isomers that yield the m / z = 165 amu ion fragment into the monomer mass channel at 2975 cm −1 IR photon energy. Larger clusters ͑tetramer and pentamer͒ can also contribute to the peak intensity enhancements near 2975 cm −1 in both the monomer parent ͑m / z = 60 amu͒ and trimer ͑m / z = 121 amu͒ mass channels after VUV ionization. Table III . The IR spectrum in the m / z = 44 amu mass channel shows no features associated with OH stretches, while a gradual increase in the ion intensity is observed toward the CH stretch region. On the other hand, the sharp doublet centered at 3483 and 3516 cm −1 as well as a broad enhancement in the CH stretch region in IR spectrum in the m / z = 45 amu mass channel appear as dips in the m / z = 60 amu mass channel. The doublet corresponds to free OH stretches of the parent IPA cation. The similarity between these two IR spectra obtained in the two different mass channels indicates that when the parent ion ͑m / z = 60 amu͒ absorbs IR photons in the CH and OH stretch regions, the intramolecular vibrational redistribution ͑as opposed to intermolecular vibrational redistribution in clusters͒ process facilitates the C ␣ -C ␤ bond dissociation of the IPA cation and leads to enhancement of the loss of CH 3 · ͑increase in the m / z = 45 amu mass channel͒; some of the IVR energy from CH stretches partially enhances the loss of CH 4 , as well.
B. VUV/IR photodissociation spectroscopy of ionic IPA monomer and clusters
One curiosity in the IR spectra of the IPA cation is the presence of two OH stretch features ͑the doublet centered at 3483 and 3516 cm −1 ͒. Since only the gauche conformation of the neutral monomer is produced in the current study, both features must be the OH stretches of the parent cation generated by VUV ionization of the gauche-IPA. The TOF mass spectrum unambiguously shows that the losses of CH 3 · and CH 4 are the primary VUV induced fragmentation pathways of gauche-IPA, but it does not provide information on ion structures and behavior. Ab initio calculations show that two isomeric forms of the IPA parent cation ͓Figs. 9͑d͒ and 9͑e͒ insets͔ can be generated. The difference between the two is orientation of the hydrogen of the OH group, and isomer I is more stable than isomer II by 0.0060 eV ͑isomer II is also shown in Fig. 3 as the ion that undergoes the barrierless loss of CH 3 · ͒. Their scaled harmonic frequencies are also in excellent agreement with the IR spectra. Hence, some of the Franck-Condon gauche-IPA parent cations undergo OH group reorientation as they evolve to the adiabatic state; the similar OH stretch peak intensities indicate that the population ratio of the two cation isomer types is about 1. VUV/IR spectroscopy thus reveals an additional reaction pathway through which the parent IPA cation fragments. The three ion fragmentation pathways of the gauche-IPA cation are ͑1͒ barrierless loss of CH 3 · , ͑2͒ hydrogen transfer from C ␣ H to CH 3 · and loss of CH 4 , and ͑3͒ reorientation of the OH group and loss of CH 3 · . IR spectra of cation clusters are presented in Fig. 10 and ͑͑CH 3 ͒ 2 CHOH͒ 4 ·H + ͑m / z = 181 and 241 amu͒ and also possibly from larger protonated clusters. This transition is relatively more intense since at least two clusters are fragmenting into the m / z = 121 amu channel. The free OH stretch feature near 3635 cm −1 in each spectrum indicates that at least one IPA molecule which only accepts a hydrogen bond ͑but does not donate one͒ exists in each cluster and that this molecule remains in a similar environment with the increasing cluster size. In the small cluster cation size range studied, the presence of free OH stretches implies that those cation clusters have relatively open structures.
V. CONCLUSIONS
We have carried out IR/VUV nonresonant photoionization spectroscopy of the neutral IPA monomer and its clusters and VUV/IR photodissociation spectroscopy of the ionic IPA monomer, ionic molecular complex clusters, and protonated clusters.
The IR/VUV study shows that gauche-IPA is the only monomer conformer generated in the supersonic expansion. It undergoes loss of CH 3 · and hydrogen transfer mediated loss of CH 4 following VUV ionization and internal rearrangement. The fragmentation pathways of the IPA related clusters are size dependent: An ionic molecular complex cluster ͑͑CH 3 ͒ 2 CHOH͒ n−1 ·CH 3 CHOH + is generated from the dimer; protonated clusters ͑͑CH 3 ͒ 2 CHOH͒ n−1 ·H + are generated from the tetramer and pentamer; and both types of ionic clusters are produced from VUV ionization of the trimer. Analysis of the dimer IR spectrum and calculations suggest that two neutral dimer isomers are generated in the expansion, with the gauche IPA conformer accepting a hydrogen bond from the other molecule of the dimer and forming a chainlike structure in each isomer. The trimer IR spectra and calculations show that several isomers are present in the supersonic expansion. Trimer isomers have cyclic structures without any free OH groups, and isomers with more gauche conformers generate the protonated cluster ͑͑CH 3 ͒ 2 CHOH͒ 2 ·H + ͑m / z = 121 amu͒, while those with more trans conformers generate the ionic molecule cluster ͑͑CH 3 ͒ 2 CHOH͒ 2 ·CH 3 CHOH + ͑m / z = 165 amu͒ following VUV ionization. The large redshift of OH stretches observed in the IR spectra of the tetramer and pentamer is also consistent with cyclic structures of these clusters. DFT calculations show that, similar to the trimer structures, tetramer isomers consisting of a greater number of the gauche monomer are more stable. Larger clusters are also generated, and the IR spectrum of the tetramer shows that they can fragment into the tetramer related mass channel.
The VUV/IR spectra show that two IPA parent cation isomers are generated following neutral gauche-IPA ionization and show an additional VUV induced fragmentation pathway for the Franck-Condon IPA monomer cation: The OH group rotates to the opposite direction, further enabling C ␣ -C ␤ dissociation that leads to loss of CH 3 · . Cation clusters fragment via the loss of one or more IPA molecules after absorbing IR photons. The relatively small sized ionic clusters studied in the present work apparently have open, not cyclic, structures. 
